Since the cellophane membranes normally used in dialysis are permeable to compounds with a molecular weight as high as 10 000 (Craig, King & Stracher, 1957 ) the copper dialysed from bile could be bound to compounds with low molecular weight in addition to being in the form of cupric ions. More certain information about the strength of binding can be obtained by comparing the amount of biliary copper dialysing into saline solutions in the absence and presence of known strong copper-binding agents, e.g. EDTA and penicillamine. In the present work the strength of copper binding to bile was compared with the strength of its binding to serum and to albumin, the main serum protein that binds copper reversibly. This was necessary since bile contains small amounts of albumin and other serum proteins which might be responsible for copper binding.
MATERIALS AND METHODS
Serum from normal volunteers and from patients without hepatic disease was used. Human albumin was obtained from the Lister Institute, Elstree, Herts., and was reconstituted with 154 mM-NaCI to 5 g/IOO m!. Informed consent for duodenal intubation having been obtained, several specimens of human bile were taken from subjects with the following conditions: (a) post-cholecystectomy T-tube drainage (seven patients); (b) duodenal intubation (I) nonhepatic diseases and healthy volunteers (four patients), (2) prolonged cholestasis (including three cases of primary biliary cirrhosis) (four patients), (3) Wilson's disease (six patients).
The patients with Wilson's disease were between 9 and 25 years old and four were female. All had low serum copper and caeruloplasmin concentrations, raised urinary copper excretion and increased hepatic copper concentrations. They were all under treatment with penicillamine, but had stopped the drug for at least 24 h before duodenal intubation.
Rat bile was obtained from male Sprague-Dawley rats (2Q0-400 g) by bile-duct cannulation under ether anaesthesia. All specimens of bile and serum were stored at -20°until required.
64CuCl2 (I mCi, in 60 p.g of carrier) was obtained from The Radiochemical Centre, Amersham, Bucks. Rat bile and human bile, serum and albumin were labelled in vitro by incubation with tracer quantities of 64CU (0'5-5'0 p.Ci/ml) at room temperature for 2-3 h. Rat bile labelled in vivo was collected for 4 h after a parenteral injection of 50-200 p.Ci of 64CU.
Dialysis was carried out by using cellophane tubing (8/32 Visking seamless tubing; Union Carbide International Company) which had previously been soaked in water for at least I h. A 0·5 ml sample of the 64Cu-labelled material was introduced into the tubing, which was sealed at both ends by double knotting. The cellophane envelope was then suspended in 15 ml of the dialysis solution contained in tubes of 20-30 ml capacity. The tubes were placed in a shaking water bath maintained at 25°and dialysis proceeded for 24 h. At the end of the period the radioactivity in the cellophane envelope and in samples of the dialysis solution was measured in a Packard Auto-Gamma Spectrometer (models 3001 and 3(02). The amount of 64CU present in the diffusate was expressed as a percentage of the total 64CU present.
The time-course of the release of 64CU from albumin and rat bile labelled in vivo into the dialysis solution was determined by taking I ml samples of the solution I, 2, 3, 4, 6, 8, 16 and 24 h after the start of dialysis. After removal of a sample of diffusate, an equal volume of non-radioactive fresh dialysis solution was added to the diffusate. The amount of 64CU removed from the dialysis solution throughout the course of the 24 h was included in the calculation of the release of the radioisotope. Dialysis was carried out at 25°with shaking.
Dialysis solutions contained various combinations of 154 mM-NaCI, 100 mss-tris buffer, pH 8'0, 15 rmt-sodium glycocholate (Grade II-S, Sigma Chemical Company, St Louis, Mo., U.S.A.), 10 mM-EDTA (disodium salt) and 10 msr-penicillamine hydrochloride (Dista Products Ltd). Experiments were carried out with and without bile salts in the dialysing solutions since Sephadex column chromatography of bile shows different patterns of protein and copper distribution depending on the presence of bile salts in the eluting solution (D. Frommer, unpublished work).
Standard statistical methods for tests of significance were used (Bradford-Hill, 1961) .
RESULTS
Fig . I shows the diffusion of 64CU over 24 h from albumin into a dialysis solution of 154 rmr-sodium chloride with and without 10 mM-EDTA. It can be seen that albumin retains most of the 64CU when dialysed against sodium chloride, whereas most passes into the dialysing solution in the presence of EDTA. Equilibrium had been reached within 24 h despite the replacement of 64Cu-containing dialysis solution (for measurement) by 64Cu-free solution.
Similarly, Fig. 2 shows how 64CU passes from rat bile labelled in vivointo dialysing solutions containing 154 msr-sodium chloride with and without 10 mM-EDTA. In the sample used approx. 66% of the 64CU passed into the sodium chloride dialysis solution in 24 h, and in the presence of EDTA an additional 16% was dialysed from the bile. The dialysis system was close to equilibrium at 24 h, but EDTA removed 64CU more slowly from bile than from albumin. Fig. 3 shows the percentage of 64CU that diffused in 24 h from human serum and albumin labelled in vitro into various dialysis solutions. The presence of EDTA and penicillamine in the dialysis solution caused a very significant (1 = 66'5 and 13'8, P<O'OOl) increase in the percentage of copper dialysed. There is no significant difference between the results for serum and albumin (t = 0·25 and 0'95, P>0·30). Although penicillamine causes a somewhat lower percentage of 64CU to pass from both albumin and serum into the dialysis fluid than EDTA, this difference is not significant (t = 1·87 and 1·60 respectively, 0·20>P>0·1O).
The results of dialysis of 64CU from rat bile labelled in vivo and in vitro are shown in Fig. 4 .
There is no significant difference (P>O·OS) in the behaviour of the bile labelled by the two methods when the dialysing solution contains buffered sodium chloride with and without EDTA and sodium glycocholate, except in the case of the solution containing both EDTA and sodium glycocholate (t = 2'38, 0·OS>P>0·02S).
Of the total 64CU 43·3 ± S'2% (mean ± SO) passed from the rat bile into buffered saline by EDTA. Thus after 24 h the concentration of 64CU remaining in rat bile was approx. 20 times that in the EDTA dialysis solution, whereas at the end of the dialysis of albumin against EDTA the concentration of 64CU in the albumin was about 1·9 times that in the EDTA dialysis solution. Table I shows that irrespective of the method of obtaining the specimen dialysis does not vary significantlyf'Pc-O'Oc) when bile from patients without Wilson's disease is used. A possible exception was found when T-tube drainage was compared with duodenal drainage in patients with cholestasis (t = 2'18, 0·05> P > 0'025) when both types of bile were dialysed against saline. Thus it is unlikely that the different methods of collecting human bile and the addition of gastric and duodenal juices to bile affect its copper-binding ability.
The results from T-tube drainage and from duodenal drainage of patients without hepatic disease were combined to form 'control' bile (Fig. 5) 
DISCUSSION
The dialysis of 64Cu-labelled human albumin against buffered saline shows that albumin does bind copper but the almost complete removal of 64CU by EDTA indicates that the binding is relatively weak. The similarity in behaviour of serum and of albumin is in accordance with the observation that after an intravenous injection of 64CU the greater part of the radioactive element moves with the albumin fraction on electrophoresis (Bearn & Kunkel, 1954) . The behaviour of 64Cu-labelled rat bile collected for 4 h after an injection of the radioisotope differs from that of 64Cu-labelled albumin. Approx. 43% of 64CU diffuses from bile into buffered saline. This value is close to that found by Farrer & Mistilis (1968) , i.e. an average of 51% of 64CU in bile (collected 0-4 h after intravenous injection of the radioisotope), diffused out into normal saline. The somewhat higher values obtained by these authors may be due to the fact that they used larger volumes of saline (100 vol. : 1 vol. of bile) and also carried out their experiments at pH 6'5-6,9 compared with pH 8'0 used in the present work. The form in which 64CU passes from bile into the dialysing solution is uncertain. It is unlikely to be as cupric ions, since work (D. Frommer, unpublished work) on Sephadex column chromatography of 64Cu-labelled rat bile has shown that a part of the 64CU is associated with molecules of weight around 5000, and none appears at the elution position of ionic copper. Similar work (Evans & Cornatzer, 1971 ) also suggests that copper is associated with low-molecular-weight components. Since the Visking cellophane tube is permeable to molecules of weight below 10000 (Craig et al., 1957) , the 64CU associated with the low-molecular-weight components will pass through. Thus, when bile is dialysed against saline, the percentage of 64Cu that passes out of the tube does not give any indication of the degree of binding of copper in bile.
The addition of 10 mM-EDTA to the buffered saline dialysis solution removed only a further 17% of the 64CU from rat bile, compared with 90% from albumin. Thus it is clear that a fraction of rat bile has a very high affinity for copper. Since the volume of bile remained constant during dialysis the concentration of 64CU in rat bile was approximately 20 times higher in the EDTA-containing diffusate at equilibrium. As it is uncertain what proportion of the 64CU in the diffusate is bound to EDTA, it is possible that at equilibrium the ratio of 64CU bound to bile relative to that bound to EDTA is greater than 20 : I.
The lack of effect in most instances of a supra-micellar concentration of sodium glycocholate in the dialysis fluid suggests that the preservation of biliary micelles is not of significance in the binding of copper by bile.
The one or more fractions in rat bile with a very high affinity for copper are non-diffusible through cellophane membranes and therefore have a molecular weight of over 10 000. The type of binding of copper to these fractions is unknown, but the formation of copper chelates is a possibility. The nature of the fractions in bile which bind copper is uncertain. Owen (1964) and Farrer & Mistilis (1968) found that between 25% and 65% of 64Cu-Iabelled rat bile is tricholoroacetic acid precipitable. This would suggest that part of the copper is attached to biliary proteins, but it is unlikely that this method would give an accurate value for the bound copper since high H+ concentration will release copper from many materials including caeruloplasmin. Owen (1964) also found that the 64CU from labelled rat bile was insoluble in fat solvents and that less than 10% was associated with bile acids after their separation on t.l.c, Other results (D. Frommer, unpublished work) suggest that the greater part of biliary copper may be bound to proteins or polypeptides, and Evans & Cornatzer (1971) also found that biliary copper is associated with polypeptides or amino acids.
Although caeruloplasmin has been demonstrated in bile (Jeunet, Richterich & Aebi, 1962 ) it is present in such low concentrations that the normal quantities of copper excreted in bile could not be excreted as caeruloplasmin. In addition the time relationships of 64CU excretion in the bile and incorporation into caeruloplasmin by isolated rat liver (Owen & Hazelrig, 1966) show that the two metabolic functions are separate.
The difference in behaviour on dialysis makes it very unlikely that any of the serum proteins are responsible for the strong binding affinity of bile for copper. It is possible that the 'bilespecific' proteins found in low concentration (Rawson, 1962; Hardwicke, Rankin, Baker & Preisig, 1964; Clausen, Kruse & Dam, 1965; Stoica & Pappo, 1966; Yoon, Shim & Kil, 1966) are responsible, in part at least, for the binding of copper by bile.
The similarity in the results of dialysis of rat bile labelled in vivo and in vitro would tend to suggest that the type of binding of copper in both circumstances is similar. It is possible that the liver produces one or more compounds which will bind any available cupric ions without requiring the presence of enzymes and which are then excreted in the bile.
Human bile labelled in vitro shows a behaviour on dialysis similar to rat bile labelled in vivo and in vitro, suggesting that the type of copper binding in both species may be similar. Of even greater interest is the fact that there is no significant difference in the strength of binding of copper to bile of patients with Wilson's disease compared with the bile of patients without Wilson's disease. Although the hypothesis that the accumulation of copper in the liver in Wilson's disease is due to diminished copper excretion in the bile may be correct, the above findings would militate against a diminished ability of the bile to remove copper from that compartment in the liver which is concerned with biliary copper excretion (Hazelrig, Owen & Ackerman, 1966) . The similarity of strength of copper binding by the bile of patients with and without Wilson's disease lessens the credibility of the suggestion by Mistilis & Farrer (1968) that 'the underlying defect in Wilson's disease is the presence of biliary copper in a non-bound diffusible form'.
